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[57] ABSTRACT

A phase locked loop includes a differential charge pump to
cancel static phase error and reduce sensitivity to noise. The
differential charge pump comprises two substantially iden-
tical single-ended charge pumps so that under locked
condition. changes in voltage at the charge pumps’ output
terminals are substantially identical. thereby maintaining a
substantially constant difference between the charge pumps’
output voltage. A differential input voltage-controlled oscil-
lator receives the output of the differential charge pump and
generates a clock signal with a frequency proportional to the
voltage difference output by the differential charge pump. A
common mode bias circuit adjusts the common mode volt-
age output by the differential charge pump to optimize the
voltage swing available at the differential charge pump’s
output terminals. The structure can be easily modified to
implement a delay locked loop by replacing the differential
input voltage-controlled oscillator with a differential input
voltage-controlied delay circuit.

24 Claims, 16 Drawing Sheets
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DIFFERENTIAL CHARGE PUMP BASED
PHASE LOCKED LOOP OR DELAY LOCKED
LOOP

FIELD OF THE INVENTION

This invention relates to phase locked loop and delay
locked loop circuits. and more particularly, to phase locked
loop and delay locked loop circuits incorporating differential
charge pump circuits.

BACKGROUND INFORMATION

Phase locked loops and delay locked loops are routinely
used for data communications. frequency synthesis, clock
generation. clock recovery, and similar applications. Phase
locked loops and delay locked loops are often implemented
in integrated circuits and commonly are realized with charge
pump techniques.

FIG. 1 shows a block diagram of a typical charge pump
based phase locked loop 1. Phase locked loop 1 comprises
a phase detector 4, a charge pump 5, a loop filter 7, and a
voltage-controlled oscillator 9. Phase locked loop 1 operates
to align clock signals in both frequency and phase.

FIG. 2 shows a block diagram of a typical phase detector
4. Phase detector 4 receives two clock signals CLKI and
CLKO at terminals 11 and 12 to generate an output pulse on
terminal 14 when clock signal CLKI leads clock signal
CLKO. and on terminal 15 when clock signal CLKI lags
clock signal CLKO.

Phase detector 4 comprises a D flip flop 25, a D flip flop
27. an AND gate 29, a delay block 31 and a delay block 33.
D flip flops 25 and 27 are falling edge triggered flip-flops
having their D input terminals connected to a logic one
voltage level. As aresult, at every falling edge on their clock
terminals, the D flip flops generate a logic one output signal
at their Q output terminals 26 and 28. AND gate 29 resets D
flip flops 25 and 27 when the voltages on Q output terminals
26 and 28 are both at a logic one level.

FIG. 2A shows a timing diagram of various voltages
within phase detector 4 while in operation. In this example.
clock signal CLKL illustrated by a waveform 36, leads clock
signal CLKO, illustrated by a waveform 37. The voltage on
Q output terminal 26 rises to a logic one at time t; when
clock signal CLKI has a falling edge. The voltage at output
terminal 14 rises to a logic one after a small delay, At, as
illustrated by waveform 38. The voltage on Q output termi-
nal 28 rises to a logic one at time t,, which resets D flip flops
25 and 27. The voltage at output terminal 14 then falls to a
logic zero after a small delay of At from the falling edge of
clock signal CLKO. Thus, an output pulse width equal to the
phase difference between the falling edges of clock signals
CLKI and CLKO is transmitted on output terminal 14 as
illustrated by waveform 38. The delay blocks 31 and 33 have
a filtering effect that filters out pulses having pulse widths
smaller than a minimum pulse width. Because delay block
33 filters out the small pulse generated on Q output node 28
just before the D flip flops 25 and 26 are reset by AND gate
29. no pulse is transmitted on output terminal 13, as illus-
trated by waveform 39.

Referring back to FIG. 1, charge pump 5 receives the
signals at terminals 14 and 15 at its corresponding terminals
16 and 17. Charge pump S controls the voltage V -, at an
output terminal 18 by adding charge to output terminal 18,
as long as it detects a pulse on terminal 16, and removing
charge from output terminal 18, as long as it detects a pulse
on terminal 17. To add and remove charge from output
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2

terminal 18, a conventional charge pump provides both a
charging current source and a discharging current source.

Thus, voltage Vp at output terminal 18 increases when
clock signal CLKI leads clock signal CLKO and decreases

when clock signal CLKI lags clock signal CLKO.
Loop filter 7 is coupled at its input terminal 19 to output

terminal 18 of charge pump 5. Loop filter 7 stabilizes the
loop. Voltage-controlled oscillator 9 generates an oscillating

output signal at CLKOUT terminal 13 whose frequency is
proportional to the voltage at input terminal 20. Thus. when

clock signal CLKI leads clock signal CLKO. voltage Vp
increases as described above, which in turn causes voltage-

controlled oscillator 9 to increase the frequency of clock
signal CLKO. Conversely, when clock signal CLKI lags
clock signal CLKO. voltage V- decreases, which causes

voltage-controlled oscillator 9 to decrease the frequency of
clock signal CLKO. The feedback circuit of FIG. 1 thus
constantly attempts to align clock signal CLKO with clock
signal CLKI in frequency and phase. When the loop is
substantially stabilized, clock signals CLKI and CLKO are
aligned in frequency and phase and phase locked loop 1 is
in the “locked” condition.

A delay locked loop operates in a similar manner to a
phase locked loop except that the voltage controlled oscil-
lator is replaced with a voltage controlled delay line. The
voltage controlled delay line receives clock signal CLKI and
generates clock signal CLKO. The loop adjusts the delay in
voltage controlled delay line until clock signals CLKI and
CLKO are aligned in phase. which is the stabilized or locked
condition.

Charge pump based phase locked loops and delay locked
loops have some performance limitations. One such limita-
tion is termed “static phase error”. A static phase error is any
phase error that exists between clock signals CLKI and
CLKO under locked condition. Ideally, under locked
condition. no static phase error should exist. However, in
practice, circuit imperfections exist which cause a static
phase error,

One source of static phase error is phase detector 4. Delay
blocks 31 and 33 filter out pulses smaller than the minimum
pulse width. Thus, phase differences between CLKI and
CLKO must be greater than the minimum pulse width before
an output pulse is provided in either output terminal 14 or
output terminal 15. Phase errors smaller than the minimum
pulse cannot be resolved, thus resulting in static phase error.

Another source of static phase error is the leakage current
at output terminal 18 of charge pump 5 which causes
changes in voltage V -p. Ideally, phase detector 4 does not
generate any pulse on terminals 14 or 15 under locked
condition. However, in practice, leakage current at output
terminal 18 charges or discharges voltage V -, over time. As
a result of the increase or decrease in voltage V ~p, the action
of phase locked loop 1 causes a change in the phase of clock
signal CLKO. In the steady state, a static phase difference
between clock signals CLKI and CLKO is introduced to
cause charge pump 5 to substantially counteract effects of
the leakage current at output terminal 18.

In some implementations., phase detector 4 generates a
minimum pulse on each of terminals 14 and 15 of phase
detector 4 to compensate for leakage currents in both the
charging and discharging current sources in charge pump S
when phase locked loop 1 is under locked condition.
However, although minimum pulses on each of the terminals
14 and 15 compensate to some degree for the leakage current
problem. at least four sources of static phase error resuit.

A first source of static phase error is unequal charge pump
current sources. As mentioned above. charge pumps typi-
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cally use a charging current source to charge output terminal
18 and a discharging current source to discharge output
terminal 18. The charging current source and discharging
current source are rarely exactly matched because of physi-
cal limitations. Thus, when a minimum pulse is forced on
cach of input terminals 16 and 17 of charge pump 5 under
a locked condition, charge will be added or removed from
output terminal 18 because the charging and discharging
currents are not equal. This change in the charge at output
terminal 18 causes a change in the voltage V., which in
turn causes phase locked loop 1 to change the phase of clock
signal CLKO thereby introducing a static phase error.

A second source of static phase error is unequal switching
times. The charging and discharging current sources are
selectably coupled to output terminal 18 by switches, which
are invariably less than ideal. Switches for the charging and
discharging current sources do not have identical switching
times because of differences in type. sizes. bias conditions,
drive, driver rise time and driver fall time, and other para-
metric values. Because the switching times of these switches
are not identical, the charge transferred between the charg-
ing and discharging current sources and terminal 18 are not
equal. Thus. charge will be added or removed from output
terminal 18 when phase detector 4 forces the minimum pulse
on input terminal 16 and input terminal 17 during lock. This
change in the charge at output terminal 18 causes a change
in voltage V ~». which in turn causes phase locked loop 1 to

change the phase of clock signal CLLKO. thereby introducing
static phase error.

A third source of static phase emror is charge injection
from the switches in charge pump 5. Typically, the switches
in charge pump S are implemented with field effect transis-
tors. Field effect transistors have significant capacitance
between each pair of the gate. the source. and the drain
terminals. As a result, when the switches become conductive
and non-conductive. these switches couple charge into out-
put terminal 18. Because these switches are not identical,

each switch will inject a different amount of charge into
output terminal 18. This change in charge at output terminal
18 causes a change in voltage V .p. which in turn causes a
change in the phase of clock signal CLLKO, thereby intro-
ducing static phase error.

A fourth source of static phase error is the ineffectiveness
of this compensation scheme. Despite generating a mini-
mum pulse on both input terminal 16 and input terminal 17,
the effect of leakage currents may still be present in the
resulting circuit thereby causing static phase error as
described above.

Another limitation of charge pump based circuits is sen-
sitivity to any noise added to voltage V ... Because voltage

V-~ controls the phase of clock signal CLKO, any noise
added to voltage V., will cause phase and frequency
disturbances (“jitters”) in clock signal CILKO. In many
phase locked loop designs, clock signal CLKO is very
sensitive to noise because the frequency of clock signal
CLKO is designed to vary by a relatively large amount for
a small change in voltage V ...

Loop filter 7 may be one source of noise on voltage V -p.
A typical loop filter design includes a resistor connected to
terminal 19 in series with a capacitor between terminal 19
and GROUND. As stated above, phase detector 4 generates
a minimum pulse on each of the charge pump’s input
terminals 16 and 17. As a result, charge pump 3 adds charge
to output terminal 18, and the resistor of loop filter 7 causes
an immediate voltage increase on voltage V. equal to the
product of the resistor value and the current. The voltage
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4

increase ceases when the charge on the capacitor reaches the
desired change in voltage V... The voltage increase
described above is a transient noise of short duration
because charge pump 5§ only adds charge for a short dura-
tion; nonctheless, this momentary voltage jump causes a
momentary change in the frequency of clock signal CLKO,
thus causing jitter.

Other noise sources include noisy power supplies. cross
coupling of signals on nearby conductors. and varying
current demand.

SUMMARY OF THE INVENTION

In accordance with one embodiment of the present
invention, a phase locked loop is provided. The phase locked
loop includes a differential charge pump to cancel static
phase error and reduce sensitivity to noise. The differential
charge pump comprises two substantially identical single-
ended charge pumps so that. under locked condition,
changes in voltage at the charge pumps’ output terminals are
substantially identical. thereby maintaining a substantially
constant difference between the charge pumps’ output voli-
ages. In accordance with one embodiment of the present
invention, a differential input voltage-controlled oscillator
monitors the output of the differential charge pump and
generates a clock signal having a frequency proportional to
the output differential voltage of the differential charge
pump. A common mode bias circuit adjusts the common
mode voltage output of the differential charge pump to
optimize the voltage swing available at the differential
charge pump’s output terminals.

In accordance with another embodiment of the present
invention, a delay locked loop is provided. The structure is
similar to one embodiment of the differential phase locked
loop described above, except a differential voltage-
controlied delay circuit is included in the delay locked loop
instead of a voltage-controlled oscillator. The delay locked
loop includes a differential charge pump to cancel static
phase errors and reduce sensitivity to noise.

BRIEF DESCRIPTION OF THE DRAWINGS

FI1(G. 1 shows a block diagram of a typical charge pump
based phase locked loop 1.

F1G. 2 shows a block diagram of a typical phase detector
4 depicted in FIG. 1.

FIG. 2A shows a timing diagram of various voltages
within phase detector 4 of FIG. 2 while in operation.

FIG. 3 shows a block diagram of a differential charge
pump based phase locked loop 300 according to one
embodiment of the present invention,

FIG. 4 shows a block diagram of one embodiment of a
phase detector 104 depicted in FIG. 3.

FIG. 4A shows a timing diagram of various voltages
within phase detector 104 of FIG. 4 while in operation.

FIG. 5 shows a block diagram of one embodiment of a
charge pump S depicted in FIG. 3.

FIG. 6 shows a block diagram of a voltage-controlied
oscillator 70 according to one embodiment of the present
invention.

FIG. 6A shows a timing diagram showing clock signal
CLKO and AV, within the voltage-controlled oscillator of
FIG. 6.

FIG. 7 shows a circuit diagram of one embodiment of the
voltage-to-current converter 50 depicted in FIG. 5.

FI1G. 7TA shows the current flow within the embodiment of
FIG. 7 when voltage V -p, is less than voltage V p_.
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FIG. 8 shows a block diagram of a common mode bias
circuit 80 according to one embodiment of the present
invention.

FIG. 9 shows a block diagram of a second embodiment of
a differential charge pump based phase locked loop 960
according to the present invention.

FIG. 10 shows a block diagram of one embodiment of a
ring oscillator 110 depicted in FIG. 9.

FIG. 11 shows a circuit diagram of one embodiment of a
stage of the ring oscillator depicted in FIG. 10.

FIG. 12 shows a circuit diagram of one embodiment of a
common mode bias circuit 180 depicted in FIG. 9.

FIG. 13 shows a block diagram of one embodiment of a
differential charge pump based delay locked loop 1300
according to the present invention.

FIG. 14 shows a block diagram of one embodiment of a
delay circuit 1320 depicted in FIG. 13.

FIG. 15 shows a block diagram of a phase detector 1500
and differential charge pump 1550 according to another

embodiment of the present invention.

FIG. 16 shows a circuit diagram of one embodiment of
phase detector 1500 depicted in FIG. 15,

DETAILED DESCRIPTION OF THE
INVENTION

FIG. 3 shows a block diagram of a differential charge
pump phase locked loop 300 according to one embodiment
of the present invention. Hereinafter, where elements func-
tion substantially the same as elements in prior figures, the
same reference numerals are employed. Phase locked loop
300 includes a phase detector 104, a differential charge
pump formed from charge pumps 5 and 5a. a loop filter 7,
a loop filter 7a. a common mode bias circuit 80 and a
voltage-controlled oscillator 70.

Phase detector 104 of phase locked loop 300 receives
clock signals CLKI and CLKO at terminals 11 and 12.
respectively. When clock signal CLKI leads clock signal
CLKO. phase detector 104 generates a pulse on output
terminal 14. This pulse causes charge pump 3 to add charge
to output terminal 18, thereby increasing voltage V p,. At
the same time, this pulse causes charge pump Sa to remove
charge from output terminal 184 thereby decreasing voltage
V p_. As a result, the difference between voltages Vp, and
V p_ is increased. Loop filters 7 and 7a stabilize the loop.

Voltage-controlled oscillator 70 detects the increased volt-
age difference between voltages Vo, and Vp and

increases the frequency of clock signal CLKO to align clock
signal CLKO to clock signal CLKI. Phase locked loop 300
constantly attempts to align clock signal CLKO with clock
signal CLKI in frequency and phase.

Conversely. when clock signal CLKI lags clock signal
CLKQ, phase detector 104 generates a pulse on output
terminal 15, which causes charge pump 5a to add charge to
output terminal 18a, thereby increasing voltage Vp_. At the
same time, the pulse on output terminal 15 causes charge
pump 5 to remove charge from output terminal 18, thereby
decreasing voltage V ~p,. Thus, the difference between volt-
ages Vp, and Vp_ is decreased. Voltage-controlled oscil-
lator 70 detects this decreased voltage difference between
voltages Vp, and Vp_ and decreases the frequency of
clock signal CLKO to align clock signal CLKO with clock
signal CLKI.

FIG. 4 shows a block diagram of phase detector 104

according to one embodiment of the present invention.
Phase detector 104 includes a D flip flop 25, a D flip flop 27.

10
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6

an AND gate 29 and a delay block 32. D flip flops 25 and
27 are falling edge triggered flip-flops having their D input
terminals connected to a logic one voltage level. As a result,
at every falling edge on their clock terminals. the D flip flops
generate a logic one output signal at their Q output terminals
26 and 28. After a small delay, AND gate 29 resets D flip
flops 25 and 27 when the voltages on Q output terminals 26
and 28 are both at a logic one level.

FIG. 4A shows a timing diagram of various voltages
within phase detector 104 while in operation. In this
example, clock signal CLKI, illustrated by a waveform 36.
leads clock signal CLKO. illustrated by a waveform 37. The
voltage on Q output terminal 26 rises to a logic one at time

t, when clock signal CLKI has a falling edge. The voltage
on Q output terminal 28 rises to a logic one at time t,, which
resets D flip flops 25 and 27 after a small delay, At. Thus. as
shown in waveform 38a. an output pulse width equal to the
phase difference between the falling edges of clock signals
CLKI and CLKO plus the small delay, At, is transmitted on
output terminal 14. As shown in waveform 39a, a pulse
having a pulse width equal to At is transmitted on output

~ terminal 1S because delay block 32 causes a small delay
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before the D flip flops 28 and 26 are reset by AND gate 29.

FIG. 5§ shows a block diagram of a differential charge
pump in accordance with one embodiment of the present
invention, comprising charge pumps 5 and Sa. Charge pump
5 includes a charging current source 40, a discharging
current source 42, an “UP” switch 41 and a “DOWN™ switch
43.

Switches 41 and 43 are controlled by the voltages on input
terminal 16 and input terminal 17, respectively. A pulse on
input terminal 16 closes “UP” switch 41 for the duration of
the pulse, thereby coupling current source 40 to charge node
44. so as to increase the voltage at output terminal 18.

Similarly, a pulse on input terminal 17 closes “DOWN”
switch 43 for the duration of the pulse. thereby coupling
discharging current source 42 for the duration of the pulse to
remove charge from node 44, so as to decrease the voltage
at output terminal 18.

Charge pump Sa includes a charging current source 40a,

a discharging current source 42a, an “UP” switch 41z and a
“DOWN” switch 43a.

Switches 41a and 43a are controlled by the voltages on
input terminal 16a and input terminal 174, respectively. A
pulse on input terminal 16a closes “UP” switch 41a for the
duration of the pulse, thereby coupling current source 40a to
charge node 44a. so as to increase the voltage at output

terminal 18a.

Similarly, a pulse on input terminal 17a closes “DOWN”
switch 43a for the duration of the pulse. thereby coupling
discharging current source 42a for the duration of the pulse
to remove charge from node 44a. so as to decrease the
voltage at output terminal 18a.

FIG. 6 shows a block diagram of a differential voltage-
controlled oscillator 7@ in accordance with one embodiment
of the present invention. Differential voltage-controlled
oscillator 70 includes a voltage-to-current converter 50, a
capacitor 52, a comparator 53, and switches 55. 56 and S7.
Voltage-to-current converter 50 further includes a dependent
current source S1.

Voltage-to-current converter 50 receives the voltages
Vp, and V,_ at input terminals 71 and 72 and provides a
current at terminal 54 proportional to a voltage difference
AV, between terminals 71 and 72. The current provided by
voltage-to-current converter 50 to terminal 54 is used to
charge capacitor 52.
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During operation. the signal generated by comparator 53
at node 38 is either at a logic “one” or logic “zero” voltage
level. When the signal generated by comparator 53 is a logic
“one”. switches S5 and 56 are closed, and switch 57 is open.
As a result, switch 55 couples node §9 to GROUND and
discharges capacitor 52. thereby causing a decreasing volt-
age on node 59. Switch 56 couples a voltage V1 to a node
60 at the V-terminal of comparator 53. Thus, comparator 53
compares the decreasing voltage on node 59 to voltage V1.
When the voltage on node 39 drops below voltage V1.
comparator 53 generates a logic “zero” voltage level at node
§8. which is connected to CLKOUT terminal 13. The logic
“zero” voltage level at node 58 opens switches 5§ and 56
and closes switch 57. When switch 53 is open. voltage-to-
current converter 50 charges capacitor S2, thercby increas-
ing voltage on node §9. Because switch 56 is open and
switch 87 is closed. a voltage V2 is coupled to the V-terminal
of comparator 53. Consequently, comparator 53 compares
the increasing voltage on node 59 to voltage V2. When the
voltage on node 39 rises above voltage V2, comparator 53
generates a logic “one™ voltage level at node 58, which is
connected to CLKOUT terminal 13. The charging and
discharging cycles of capacitor 52 repeats indefinitely so
that comparator 83 generates clock signal CLKO at CLK-
OUT terminal 13.

In FIG. 6. the voltage difference between the voltages
Vp, and V o, at input terminals 71 and 72, respectively.,
controls the frequency of the clock signal CLLKO. When the
voltage difference AV, is increased, current source $1
provides a larger current, which in turn charges capacitor 52
more quickly. The increased charging rate causes the voltage
across capacitor 52 to reach voltage V2 more quickly, which
causes comparator 53 to transition from a logic “zero”
output signal to a logic “one” output signal more quickly. As
a result, the frequency of clock signal CLLKO 1s increased.
Conversely. when the voltage difference AV, between the
voltages at input terminals 71 and 72 is decreased, current
source 51 provides a smaller current, which charges capaci-
tor 52 more slowly. Thus, the voltage across capacitor 52
reaches voltage V2 more slowly, thereby increasing the time
it takes comparator 83 to transition from a logic “zero”
output signal to a logic “one” output signal. As a result, the
frequency of clock signal CLKO is decreased.

FIG. 6A is a timing diagram showing waveform 62 of
clock signal CLKO and waveform 63 of the differential
voltage AV ,,, within differential voltage-controlled oscilla-
tor 70. As discussed above, clock signal CLKO has a
frequency related to the magnitude of voltage difference
AV ,,, at input terminals 71 and 72. When voltage difference
AV, decreases at time T as shown in waveform 63. the
frequency of clock signal CLKO also decreases as shown in
wavetform 62.

FIG. 7 shows a circuit diagram of one embodiment of
voltage-to-current converter 50. In FIG. 7, Voltage V., is
provided on the gate of N-channel transistor 91, and voltage
V ~p_ is provided on the gate of N-channel transistor 92.
Transistor 91 and current source 97 form a source follower
circuit so that the voltage at node 94 is proportional to
voltage V -p,. Likewise, transistor 92 and current source 98
form a source follower circuit so that the voltage at node 95
is proportional to voltage V -,_. When voltages V -p, and
Vp. are equal (i.e.. when phase locked loop 300 is in
locked condition). the voltages at nodes 94 and 95 are equal
because transistors 91 and 92 are substantially identical and

both conduct current I,. Consequently, when voltage Vp,
rises relative to voltage V p_. the voltage at node 94 rises

relative to the voltage at node 95, causing current Al
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proportional to the difference between voltages V.p, and
V-p_. to flow from node 94, through node 96 and resistors

93 and 93a. to node 95. As a result, transistor 91 conducts
current I which is equal to I,+Al The current in N-channel

transistor 91 also flows in P-channel transistor 90 and is
mirrored to P-channel transistor 51 so that a current 1 is also
conducted in transistor S1. Consequently, P-channel transis-
tor 51 also conducts a current I,+AlL which is output to
terminal 54 through diode connected transistor 101. In some
embodiments. diode connected transistor 101 1s optional.

As shown in FIG. 7A, when voltage Vo, drops relative
to voltage V,_, the voltage at node 94 drops relative to the
voltage at node 95, causing current Al proportional to the
difference between voltages V., and V... to flow from
node 96 to node 95. In this case. Al is in the opposite
direction from that AI discussed above, and transistor 91
conducts a current I,—AL Thus, the current conducted by
transistor 51 is a function of the differential voltage present
at terminals 71 and 72.

FIG. 8 shows a block diagram of common mode bias
circuit 80 (FIG. 3) according to one embodiment of the

present invention. During operation of phase locked loop
300 (FIG. 3). the voltage difference between voltage V.,
and voltage V ,_ on the charge pump output terminals 18
and 18a (FIG. 3). respectively, is forced to the differential
voltage required to make clock signals CLKI and CLKO
equal in frequency and phase. However, the common mode

voltage on output terminals 18 and 184 is not affected by the
loop. Common mode bias circuit 80 adjusts the common
mode voltage on output terminals 18 and 18a and sets the
common mode voltage to optimize the voltage swing avail-

able at the output terminals 18 and 18a.

As shown in FIG. 8, terminals 81 and 82 of common
mode bias circuit 80 are coupled to nodes 86 and 86a to
receive voltages V . and V-, respectively. Averager 87
detects the voltages V-p, and V ,_ at nodes 86 and 864 and
generates a voltage V ~,, at OUT node 89 that is the average
value of the voltages V., and V., and is equal to
(VeptYep_¥2. Amplifier 88 compares this average value
(i.c., the common mode voltage) to areference voltage V -

present at terminal 83 to provide an output control signal V,
for controlling dependent current sources 85 and 854. Ref-

erence voltage Vpr is set to a desired level to maximize
voltage swing available at the output of the differential
charge pump. In accordance with one embodiment, voltage
VY rer 1S generated by a voltage generator included in com-
mon mode bias circuit 80.

When common mode voltage V ,, is less than reference
voltage V o dependent current sources 85 and 83a conduct
less current than constant current sources 84 and 84aq.
thereby increasing voltages V .p, and V_.p . When the
common mode voltage 15 greater than the reference voltage
Vorr. dependent current sources 88 and 85a to conduct
more current than constant current sources 84 and 84a.
thereby decreasing voltages Vo, and V,_. In this manner,
amplifier 88 continuously monitors voltages V., ,,and
V oz and adjusts the voltages at nodes 86 and 86a in the
direction of decreasing the difference between voltages V.,
and V oo. Common mode bias circuit 80 stabilizes when
common mode voltage V -,, equals reference voltage V ot
and at this point, dependent current sources 85 and 85a
conduct the same current as current sources 84 and 84a.
Hence, when a disturbance upsets the common mode
voltage, common mode bias circuit 80 will return the
average value of voltages V.p, and V,_ to the reference
value.

The differential scheme implemented in phase locked
loop 300 reduces the static phase error to near zero under
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locked condition through cancellation of errors. In the
embodiment discussed above, matched current sources in a
charge pump are used. In practice, current sources within a
charge pump are difficult to match; however, two charge
pumps can be matched very closely. Phase locked loop 300
generates a minimum pulse on each of phase detector output
terminals 14 and 15 when phase locked loop 300 is under
locked condition to reduce static phase error caused by
leakage currents at charge pump output terminals 18 and
18a. Substantial cancellation of the resulting four error
sources described above for phase locked loop 1 occurs
because charge pumps S and Sq are manufactured to be
substantially identical to each other, and loop filters 7 and 7a

are manufactured to be substantially identical to each other.

As stated above, generally the current sources within the
charge pumps are mismatched. However, because charge
pumps 5 and Se are substantially identical, the current
mismatch of charge pump 5 is substantially identical with
the current mismatch of charge pump Sa and, thus, causing
substantially identical changes in voltages Vp, and Vp_.
respectively. Similarly, unequal switching times within
charge pump 5 are substantially identical with the unequal
switching times within charge pump 5a and, thus, causing
substantially the same changes in voltages Vp, and Vp_.
Likewise. because charge pumps 5 and Sa are substantially
identical. unequal charge injection from the switches within
charge pump 5 is substantially identical with the unequal
charge injection from the switches in charge pump Sa.
thereby causing substantially the same changes in voltages
Vp, and V ~p_. For the same reason, the leakage current at
charge pump 5’s output terminal is substantially identical
with the leakage current at charge pump 35a’s output
terminal. thereby causing substantially the same changes in
voltages V p, and Vp_. Thus, voltages Vp, and Vp_
have substantially the same changes in voltage and, as a
result, the voltage difference between voltages V ., and
V -p_ remains substantially unchanged. Because differential
voltage-controlled oscillator 7@ generates clock signal
CLKO in response to the difference between voltages Vp,
and V_p_, clock signal CLKO’s phase and frequency is
substantially unchanged despite the error sources described
above.

Because common mode noise couples equally into volt-
ages Vo, and Vp_. errors due to noise in voltages V p,
and V,_ are minimized through cancellation. Thus, the
voltage increase caused by the resistor of loop filters 7 and
7a cancels because loop filters 7 and 7a are substantially
identical and, thus, the voltage increase of V-p, and Vp_
will be substantially identical. Further, many nois¢ sources
originate in the power supplies. substrates and adjacent
signals, can be made with careful layout. to couple substan-
tially equally into voltages V -p, and Vp_.

Yet another advantage of phase locked loop 300 over
typical phase locked loop 1 is that the effective voltage range
on the charge pump output terminals 18 and 184 is doubled
because the differential charge pump circuit (i.e. the circuit
which includes charge pumps 5 and Sa) provides a differ-
ential voltage to differential voltage-controlled oscillator 70.
That is. the maximum voltage range of voltages Vp, and
Vep. is twice that of voltage Vp in phase lock loop 1
because the differential voltage seen by voltage-controlled
oscillator 70 is twice what is seen by voltage-controiled
oscillator 9.

FIG. 9 shows a block diagram of a second embodiment of

a phase locked loop according to the present invention.
Phase locked loop 900 is similar to phase locked loop 300

(FIG. 3). but differs from phase locked loop 30¢ in the
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implementation of differential voltage-controlled oscillator
170 and common mode bias circuit 180. Differential
voltage-controlled oscillator 170 comprises voltage-to-
current converter 50 and ring oscillator 110. The speed at
which ring oscillator 110 operates is controlled by the
current generated by voltage-to-current converter 50. Simi-
lar to phase locked loop 300, phase locked loop 900 employs
a differential scheme to reduce static phase errors under
locked condition through cancellation of errors.

In this embodiment, voltage-to-current converter 30 gen-
erates the common mode voltage V,,. As discussed above
in conjunction with FIG. 7, voltage V,, is generated by
voltage-to-current converter S0 and output at terminal 103,
which is coupled to node 123 of common mode bias circuit
180 (FIG. 9). Referring back to FIG. 7, transistor 91 and
current source 97 form a source follower circuit. As a result.
the voltage on node 94 approximates the voltage on the gate
of transistor 91. V., minus the threshold voltage of tran-

sistor 91. Similarly, transistor 92 and current source 98 form
a source follower circuit and. thus, the voltage on node 95

approximates V -p_ minus the threshold voltage of transistor
92. Transistors 91 and 92 are designed so that their threshold

voltages are substantially identical, and resistors 93 and 93a
are designed to have substantially equal resistances. As a

result, the voltage at node 96 is substantially at the midpoint
between the voltages at nodes 94 and 95. Thus, the voltage

at node 96 (and terminal 103) is substantially equal to the
average of voltages Vp, and V p_. minus a threshold

voltage.

FIG. 10 shows a block diagram of ring oscillator 110
depicted in the differential phase locked loop 900 of FIG. 9.
Ring oscillator 110 is an eight stage oscillator formed by
substantially identical stages 111a—1114. Unlike differential
voltage-controlled oscillator 70 of FIG. 6, in differential
voltage-controlled oscillator 170, terminal 54 of voltage-to-
current converter 50 (FIG. 7) is coupled to GROUND rather
than a terminal of capacitor 52. In the embodiment of FIG.
9. voltages V, from node 100 and V, from node 102 of
voltage-to-current converter 50 (FIG. 7) are coupled to
terminals 1124 and 113a of ring oscillator 110’s stage 111a,
respectively. As shown in FIG. 10. in stages 1115-111h, the
input V,, and V,_ nodes are connected to the output V,, and
V,_ nodes of the previous stage in the ring, respectively. In
stage 111a, V,_node 115q¢ and V,_ node 116a are connected
to the V__ node 1184 and V, node 117h of stage 1114,
respectively. When the output signal of stage 111a is a logic
“one”, stage 1110 generates a logic “one” output signal.
which in turn causes stage 11lc to generate a logic “one”
output signal, and so on to stage 1114. Then when stage 1114
generates a logic one output signal, stage 111a generates a
logic “zero” output signal because the polarities of the
output voltages of stage 1114 are connected to stage 111a’s
input terminals of opposite polarities. The logic “zero”
signal is then propagated through the ring to stage 1114. In
this manner, alternating logic “zero” and logic “one” signals
are propagated through ring oscillator 110 indefinitely. In
this embodiment, node 117k provides level shifter 119 at
input terminal 120 voltage V., to generate a 5 volt clock
signal at output terminal 73.

FIG. 11 shows a circuit diagram of one embodiment of
one stage of the ring oscillator of FIG. 10. Terminal 112 is
connected to node 100 of voltage-to-current converter 50
(FIG. 7). P-channel tramsistors 120 and 121 which are
controlled by the voltage of terminal 112, hence each
conduct current I mirrored from transistor 51 in voltage-to-
current converter 5S¢ (FIG. 7).

N-channel transistors 123 and 124 operate as switches
controlled by the voltages at nodes 115 and 116. respec-
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tively. Thus, when the voltage at VvV, terminal 115 transitions
from logic “one” to logic “zero” (thus, the voltage at V,_
terminal transistors from logic “zero” to logic “one™) tran-
sistor 123 is forced to the “OFF” state and transistor 124 is

forced to the “ON” or conducting state. In the conducting
state. transistor 124 conducts current I of transistor 124 to

the drain terminal of N-channel transistor 128, The gate
terminal of transistor 128 is connected to terminal 113,

which is connected to node 102 of voltage-to-current con-
verter 50. Because the source of transistor 101 (FIG. 7) is

connected to GROUND in this embodiment, the current in
transistor 125 is mirrored from transistor 101 in voltage-to-

current converter 50 (FIG. 7). Transistor 125 is designed to
have twice the width-to-length ratio of transistor 101 so that

transistor 125 conducts a current which 1s twice the current
in transistor 101. Consequently, when transistor 124 is

conducting, transistor 125 pulls down the voltage at node
126. until the voltage at node 126 drops to one threshold

voltage of transistor 134 below voltage V., _ (impressed at
the gate and drain terminals of transistor 134). At that

voltage, transistor 134 begins to conduct, thereby clamping
the voltage at node 126 substantially at one threshold
voltage (V) below voltage V., . As a result, the voltage at
Vo, terminal 117 approximates V., -V, The speed at
which the voltage at node 126 is pulled down is directly
related to the size of the current conducted by transistor 123.
Consequently, when the current conducted by transistor 101
increases. the voltage at node 126 is pulled down faster,
thereby causing ring oscillator 110 to operate faster.
Conversely, when the current conducted by transistor 101
decreases, the voltage at node 126 is pulled down more
slowly, thereby causing ring oscillator 110 to operate more
slowly.

At the same time. because transistor 123 is in the “OFF”
state, P-channel transistor 120 charges node 127, causing the
voltage at node 127 to rise. When the voltage at node 127
rises to one threshold voltage of transistor 135a above
voltage V-, . (impressed at the source of transistor 133a),
transistor 1354 begins to conduct, thereby clamping the
voltage at node 127 substantially at one threshold voltage
above voltage V., .. As aresult, the voltage at V, terminal

118 approximates V~;,+V, As stated above, the current
conducted by transistor 120 is mirrored from transistor 31

(FIG. 7). Thus. when the current conducted by transistor 51
increases, transistor 120 more quickly charges node 127,
thereby increasing the speed at which ring oscillator 110
operates. Conversely. when the current conducted by tran-
sistor 51 decreases, transistor 120 more slowly charges node
127. thereby decreasing the speed at which ring oscillator
110 operates.

Similarly, when the voltage at V,, node 115 transitions
from logic “zero” to logic “one” (and thus, the voltage at V,_
node 116 transitions from logic “one” to logic “zero™),
transistor 123 is forced to the “ON” state and transistor 124
is forced to the “OFF” state. Because transistor 123 is in the
“ON” state. transistor 12S pulls down the voltage at node
127. which is clamped substantially at one threshold voltage
below voltage V., . Meanwhile, because transistor 124 is in
the “OFF” state. transistor 121 charges node 126, thereby
increasing the voltage at node 126, which is clamped sub-
stantially at one threshold voltage above voltage V..
Similar to the discussion above. the current conducted by
transistors 51 and 101 in voltage-to-current converter S0
(FIG. 7) control the rates at which node 127 is pulled down
and node 126 is charged. Because voltage-to-current con-
verter 50 (FIG. 7) controls the current conducted by tran-
sistors 51 and 101. voltage-to-current converter 50 also
controls the speed at which ring oscillator 110 operates.

10

15

20

25

30

35

45

50

35

65

12

FIG. 12 shows a circuit diagram of one embodiment of the
common mode bias circuit 180 depicted in FIG. 9. Common
mode bias circuit receives common mode voltage V,, at
node 123 from terminal 103 of voltage-to-current converter

50 (FIG. 7). Amplifier 88 monitors voltage V .,, and voltage
V. generated by voltage generator 181, and outputs a
voltage that is a function of the difference between V-, and
Veoer- When V., is equal to V.., transistors 85 and 85¢q
each conduct substantially the same current as current
sources 84 and 84a. respectively. When V,, is greater than
V .zr» amplifier 88 increases the voltage impressed at the
gates of transistors 85 and 85a, thereby causing transistors
85 and 854 to conduct more current. which pulls down the
voltages at terminals 81 and 82. Similarly, when V., is less
than V... amplifier 88 decreases the voltage impressed at
the gates of transistors 85 and 854, thereby causing transis-
tors 88 and 8354 to conduct less current, which pulls up the
voltages at terminals 81 and 82. Common mode bias circuit
180 operates continuously in this manner to adjust V ,, in
the direction of decreasing the difference between voltages
Vpr and Vg until they are substantially equal.

Voltage generator 181 includes current sources 183 and
199, transistors 185 and 186. and resistors 193 and 193a and
operates to generate reference voltage V . that optimizes
the voltage range of voltages V -p,and V -p_. This embodi-
ment of voltage generator 181 is used when current source
97 and 98 in voltage-to-current converter 50 (FIG. 7) are
N-channel transistors.

Referring to FIG. 7. the N-channel transistor implement-
ing current source 98 limits the voltage range of voltage
Vop_ to the voltage necessary to keep current source 98
operating in the saturation region. The minimum voltage
necessary to keep current source 98 operating in the satu-
ration region is hereinafter called the *‘saturation voltage”.
Accordingly, voltage generator 181 (FIG. 12) is designed to
output a voltage substantially equal to the common mode
voltage of voltages V-, and V., when voltage Vp_
minus a threshold voltage of transistor 92 1s equal to the
saturation voltage of current source 98. Voltage V p_
reaches its minimum level when the difference between
voltages Vp, and V., is at its greatest. In this case,
substantially all of the current conducted by current source
98 flows from transistor 91 through resistors 93 and 93a.
Thus. voltage V ,, is approximately the saturation voltage-+
the voltage drop across resistor 93a (i.e.. I,xR/2).

Referring back to FIG. 12. resistors 193 and 193a have
substantially the same resistance as resistors 93 and 93a
(FIG. 7). Cumrent source 183 is substantially similar to
current source 98 (FIG. 7) and therefore, conduct current 1,
which is conducted through resistors 193 and 193a to the
drain of transistor 186. Thus. the voltage drop across resistor
193a is substantially equal to the voltage drop across resistor
93a (FIG. 7).

Current source 199 is designed to conduct current I, and
thus, diode connected transistor 185 also conducts current L,
Transistors 185 and 186 have their sources connected to
ground potential and thus. have the same source potential.
The gate of transistor 186 is connected to the gate of
transistor 188, and has a width-to-length ratio approximately
1.4 times larger than the width-to-length ratio of transistor
185. Because transistors 185 and 186 have the substantially
the same source potential. gate potential and drain current,
but transistor 186’s width-to-length ratio is approximately
1.4 times larger, transistor 186 operates in the linear region
resulting in a drain potential proportional to the saturation
voltage of the transistor implementing current source 98
(FIG. 7). The drain potential of transistor 186 substantially
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tracks the variations in the saturation voltage of the transis-
tor implementing current source 98 (FIG. 7) caused by
temperature, process, and power supply voltage variations.
Accordingly, the voltage at node 196 is approximately the
same as voltage V ,, when the voltage at node 95 (FI1G. 7)
is at the saturation voltage. Because voltage generator 181
includes resistors and current sources substantially identical
to resistors and current sources in voltage-to-current con-
verter 50 (FIG. 7), the reference voltage substantially iden-
tically tracks variations in the saturation voltage due to
temperature, process variations and power supply changes.
As a result. common mode bias circuit 180 adjusts the
common mode voltage to a level to optimize the voltage
swing available on the charge pump output terminals 18 and
18a.

The N-channel transistor implementing current source 97
limits the voltage range of voltage V., to the saturation
voltage of the N-channel transistor implementing current
source 97. Because the N-channel transistor implementing
current source 97 is substantially identical to the N-channel
transistor implementing current source 98. this embodiment
of voltage generator 181 also operates to output a voltage
substantially equal to the common mode voltage of Vp,
and V,_ when voltage Vp, minus a threshold voltage of
transistor 91 is equal to the saturation voltage of the
N-channel transistor implementing current source 97.

FIG. 13 shows a block diagram of one embodiment of a
delay locked loop 1300 according to one embodiment of the
present invention. Delay locked loop 1300 is substantially
the same as phase locked loop 900 except that Delay locked
loop 1300 has a voltage-controlled delay circuit 1316
instead of voltage-controlled oscillator 170 as in phase
locked loop 900. Voltage-controlled delay circuit 1310
includes voltage-to-current converter 50, which is coupled
to delay circuit 1320 instead of ring oscillator 110. The other
elements of delay locked loop 1300 are substantially the
same as in phase locked loop 900, It is appreciated that delay
locked loop 1300 employs a differential scheme as described
above for phase locked loop 300. thereby reducing static
phase error through cancellation of errors.

Except as noted above, all the elements common to delay
locked loop 1300 and phase locked loop 900 are connected
and function in substantially the same manner as described
above. As described above for phase locked loop 908: phase
detector 104 detects the phase difference between clock
signals CLKI and CLKO and generates pulses at terminals
14 and 15; charge pumps S and Sa control the voltages V o,
and V,_ in response to the pulses generated by phase
detector 104; loop filters 7 and 7a stabilize the loop; com-
mon mode bias circuit 180 adjusts the common mode
voltage to maximize the voltage swing of voltages V., and
V~p_; and voltage-to-current converter S0 generates a cur-
rent proportional to the difference between voitages Vp,
and V -p_.

Delay circuit 1320 receives clock signal CLKI at terminal
115a and voltages V, and V, generated by voltage-to-
current converter S0 at terminals 112a and 113a. respec-
tively. Delay 1320 generates clock signal CLKO at terminal
1154. Delay circuit 1320 aligns the phase of clock signal
CLKO with clock signal CLKI by varying the delay expe-
rienced by clock signal CLKO in delay circuit 1320 in
proportion to the difference between voltages Vp, and

VYep_-

FIG. 14 shows a block diagram of one embodiment of the
delay circuit 1320 depicted in FIG. 13. Delay circuit 1320 is
basically ring oscillator 110 (FIG. 10) with the ring “broken”
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and clock signal CLKI connected to terminal 115a. Clock
signal C1KI is inverted and connected to terminal 116a. As
a result. each transition of clock signal CLKI propagates
through stages 111a-1114, thereby generating clock signal
CLKOQ. The rate at which each transition of clock signal
CLKI propagates through delay circuit 1320 is controlled by
the speed at each stage transitions from one¢ logic state to the
opposite logic state. As stated in the discussion above for
FIG. 11. the currents conducted by transistors 51 and 101 of
voltage-to-current converter 50 (FIG. 7) control the speed at
which each stage 111a-1114 transitions. Thus, the voltage
difference between voltages Vp, and Vp_. controls the
speed at which each stage 1114-111k transitions. thereby
adjusting the delay through delay circuit 1320 to align clock
signal CLKO with clock signal CLKIL

FIG. 15 shows a block diagram of a phase detector 1500
and differential charge pump 1550 according to another
embodiment of the present invention. Phase detector 1500
receives clock signals CLKI and CLKO at terminals 1511
and 1512, respectively. Similar to phase detector 104 (FIG.
3). when clock signal CLKI leads clock signal CLKO, phase
detector 1500 generates a pulse having a pulse width pro-
portional to the phase difference at UP terminal 1504. When
clock signal CLKI lags clock signal CLKO, phase detector
1500 generates a pulse having a pulse width proportional to
the phase difference at DOWN terminal 1506. Phase detec-
tor 1500 generates at UP terminal 1502 and DOWN terminal
1508 signals that are the inverse of the signals generated at
UP terminal 1504 and DOWN terminal 1506, respectively.

Differential charge pump 1550 is basically the same as
differential charge pump 105 (FIG. 3), except that switches
41. 41a. 43 and 434 (FIG. 5) are implemented as P-channel
transistors 1560 and 15604 and N-channel transistors 1580
and 1580a. respectively. The gate of P-channel transistor
1560 is coupled to UP terminal 1502. As a result. when clock
signal CLKI leads clock signal CLKO. phase detector 1500
generates a ‘“‘negative” pulse at UP terminal 1502, which
causes P-channel transistor 1560 to conduct charge to node
1570, thereby increasing voltage Vp,. At the same time.
phase detector 1500 generates a “positive” pulse at UP
terminal 1504, which is coupled to the gate of N-channel
transistor 1580a. causing N-channel transistor 1580a to
conduct charge from node 1570a. thereby decreasing volt-
age V p_. Thus, the difference between voltages V., and
Vp_ is increased.

Similarly, when clock signal CLKI lags clock signal
CLKO. phase detector 1500 generates a “positive” pulse at
DOWN terminal 1506, which is coupled to the gate of
N-channel transistor 1580. causing N-channel transistor
1580 to conduct charge away from node 1570. As a result,

voltage V ~p, is decreased. At the same time, phase detector
1500 generates a “negative” pulse at DOWN terminal 1508,

which is coupled to the gate of P-channel transistor 15604.
causing P-channel transistor 1560a to conduct charge to
node 1570a. As a result, voltage V p_ is increased. Thus. the
difference between voltages Vp, and Vp_ is decreased.

In this manner, differential charge pump 1550 generates a
differential signal proportional to the phase difference
between clock signals CLKI and CLKO.

FI(G. 16 shows a circuit diagram of one embodiment of
phase detector 1500 depicted in FIG. 15. Phase detector

1500 is different from phase detector 104 (FIG. 4) in that
phase detector 1500 uses four flip flops and a NAND gate to

generate a RESET signal. rather than two D flip flops and an

AND gate to generate the RESET signal as in phase detector
104 (FIG. 4). Phase detector 1500 provides the same func-
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tion as phase detector 104 (FIG. 4), and in addition, provides
the inverses of the UP signal and the DOWN signal at the
UP and DOWN terminals 1502 and 1508, respectively.

The foregoing has described the principles and preferred
embodiments of the present invention. However, the inven-
tion should not be construed as being limited to the particu-
lar embodiments described. For example, there are many
possible embodiments for the charge pumps. loop filters,

phase detector. and voltage-controlled oscillator. Thus the
above-described embodiments should be regarded as illus-

trative rather than restrictive. Variations can be made to
those embodiments by workers skilled in the art without
departing from the scope of the present invention as defined
by the following claims.

I claim;

1. A circuit for aligning a phase of a first signal and a
second signal. comprising a differential charge pump circuit
having a first input terminal. a second input terminal. a first
output terminal and a second output terminal. wherein:

said differential charge pump circuit is capable of gener-
ating at said first output terminal and said second output
terminal a differential signal in response to a phase
difference between said first signal and said second
signal; and

said differential charge pump circuit is capable of causing
a voltage at said first output terminal to increase and a
voltage at said second output terminal to decrease when
said first input terminal receives an input signal, said
voltage decrease being substantially equal in absolute
value to said voltage increase.

2. A circuit for aligning a phase of a first signal and a

second signal comprising:

a differential charge pump circuit having a first input
terminal, a second input terminal, a first output terminal
and a second output terminal. wherein said differential
charge pump circuit generates at satd first output ter-
minal and said second output terminal a differential
signal in response to a phase difference between said
first signal and said second signal; and

a common mode bias circuit coupled to said first output
terminal and said second output terminal of said dif-
ferential charge pump circuit.

3. The circuit recited in claim 2, further comprising a
voltage generator generating a reference voltage on an
output terminal, said output terminal of said voltage gen-
erator coupled to said common mode bias circuit.

4. The circuit recited in claim 3, wherein:

said voltage generator comprises a device substantially
identical to a selected device in said circuit for aligning
a phase having a performance that limits a voltage
range of said differential signal generated by said
differential charge pump circuit,

said device in said voltage generator substantially iden-
tically track the performance of said selected device in
said circuit for aligning a phase over temperature,
process and power supply changes, and

said voltage generator generates said reference voltage at
a voltage level to optimize a voltage swing of said
differential signal generated by said differential charge
pump circuit over temperature, process and power
supply changes.

5. The circuit recited in claim 1, further comprising a
differential input voltage-controlled oscillator circuit
coupled to said first output terminal and said second output
terminal of said differential charge pump circuit, wherein
said differential input voltage-controlled oscillator circuit is
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capable of generating an output signal having a frequency
proportional to said differential signal generated by said
differential charge pump circuit, said output signal of said
voltage-controlled oscillator being said second signal.

6. A circuit for aligning a phase of a first signal and a

second signal comprising:

a differential charge pump circuit having a first input
terminal, a second input terminal, a first output terminal
and a second output terminal, wherein said differential
charge pump circuit generates at said first output ter-
minal and said second output terminal a differential
signal in response to a phase difference between said
first signal and said second signal; and

a differential input voltage-controlled oscillator circuit
coupled to said first output terminal and said second
output terminal of said differential charge pump circuit,
wherein:
said differential input voltage-controlled oscillator cir-
cuit generates an output signal having a frequency
proportional to said differential signal generated by
said differential charge pump circuit, said output
signal of said voltage-controlled oscillator being said
second signal; and

said differential input voltage-controlled oscillator fur-
ther comprises a differential input voltage-to-current
converter for providing an output current propor-
tional to said differential signal generated by said
differential charge pump circuit.

7. The circuit recited in claim 1, further comprising a

phase detector having a first input terminal and a second

1o input terminal. said first input terminal and said second input

35

45

30

55

65

terminal of said phase detector for receiving said first signal
and said second signal, respectively, wherein:

said phase detector is capable of generating an output
signal in response to a phase difference between said
first signal and said second signal, and

said differential charge pump circuit 1s capable of gener-
ating said differential signal in response to said output
signal of said phase detector.

8. The circuit recited in claim 7, wherein:

said output signal of said phase detector includes a pulse
having a pulse width that is a function of a magnitude
of said phase difference, and

said phase detector is capable of generating said pulse at
a first output terminal of said phase detector when said
first signal leads said second signal and generates said
pulse at a second output terminal of said phase detector
when said first signal lags said second signal.

9. A circuit for aligning a phase of a first signal and a

second signal comprising:

a differential charge pump circuit having a first input
terminal, a second input terminal. a first output terminal
and a second output terminal, wherein said differential
charge pump circuit generates at said first output ter-
minal and said second output terminal a differential
signal in response to a phase difference between said
first signal and said second signal; and

a phase detector having a first input terminal and a second
input terminal. said first input terminal and said second
input terminal of said phase detector for receiving said
first signal and said second signal. respectively,
wherein:
said phase detector generates an output signal in
response to a phase difference between said first
signal and said second signal;

said differential charge pump circuit generates said
differential signal in response to said output signal of
said phase detector;
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said output signal of said phase detector includes a
pulse having a pulse width that is a function of a
magnitude of said phase difference. said phase detec-
tor generating said pulse on a first output terminal of
said phase detector when said first signal leads said
second signal and generates said pulse on a second
output terminal of said phase detector when said first
signal lags said second signal; and

said phase detector comprises:

a first D flip flop having a RESET lead, an input lead
and an output lead, said input lead of said first D
flip flop coupled to said first input terminal of said
phase detector:;

a second D flip flop having a RESET lead, an input
lead and an output lead, said input lead of said
second D fiip flop coupled to said second input
terminal of said phase detector;

an AND gate having a first input lead. a second input
lead, and an output lead, said first input lead of
said AND gate coupled to said output lead of said
first D flip flop. said second input lead of said
AND gate coupled to said output lead of said
second D flip flop; and

a delay means having an input lead coupled to said
output lead of said AND gate and an output lead
coupled to said RESET leads of said first D flip
flop and said second D flip flop.

10. The circuit of claim 1, further comprising:

a first loop filter coupled to said first output terminal of
said differential charge pump circuit; and

a second loop filter coupled to said second output terminal
of said differential charge pump circuit.

11. The circuit recited in claim 1, wherein said differential
charge pump circuit comprises a first charging current
source and a first discharging current source, said first
charging current source conducting charge to said frst
output terminal of said differential charge pump circuit, and
said first discharging current source conducting charge from
said first output terminal of said differential charge pump
circuit.

12. The circuit recited in claim 11, wherein said difter-
ential charge pump circuit comprises a second charging
current source and a second discharging current source. said
second charging current source conducting charge to said
second output terminal of said differential charge pump
circuit, and said second discharging current source conduct-
ing charge from said second output terminal of said differ-
ential charge pump circuit.

13. The circuit recited in claim 6. wherein said differential
input voltage-controlled oscillator further comprises a ring
oscillator coupled to said differential input voltage-to-
current converter, said ring oscillator generating said output
signal of said differential input voltage-controlied oscillator
having a frequency proportional to said output current
provided by said differential input voltage-to-current con-
verter.

14. A circuit for aligning a phase of a first signal and a
second signal comprising:

a differential charge pump circuit having a first input
terminal, a second input terminal, a first output terminal
and a second output terminal, wherein said differential
charge pump circuit generates at said first output ter-
minal and said second output terminal a differential
signal in response to a phase difference between said
first signal and said second signal; and

a phase detector having a first input terminal and a second
input terminal, said first input terminal and said second
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input terminal of said phase detector for receiving said

first signal and said second signal, respectively.

wherein:

said phase detector generates an output signal in
response to a phase difference between said first
signal and said second signal;

said differential charge pump circuit generates said
differential signal in response to said output signal of
said phase detector;

said output signal of said phase detector includes a
pulse having a pulse width that is a function of a
magnitude of said phase difference, said phase detec-
tor generating said pulse on a first output terminal of
said phase detector when said first signal leads said
second signal and generates said pulse on a second
output terminal of said phase detector when said first
signal lags said second signal; and

said phase detector generates on a third output terminal
a signal that is substantially equal to an inverse of a
signal generated on said first output terminal of said
phase detector, and generates on a fourth output
terminal a signal that is substantially equal to an
inverse of a signal generated on said second output
terminal of said phase detector.

15. The circuit recited in claim 14, wherein:

said differential charge pump circuit further comprises a
first P-channel transistor having its gate coupled to said
third output terminal of said phase detector and a first
N-channel transistor having its gate coupled to said
second output terminal of said phase detector, said first
P-channel transistor conducting charge to said first
output terminal of said differential charge pump circuit,
and said first N-channel transistor conducting charge
from said first output terminal of said differential
charge pump circuit. and

said differential charge pump circuit farther comprises a
second P-channel transistor having its gate coupled to
said fourth output terminal of said phase detector and a
second N-channel transistor having its gate coupled to
said first output terminal of said phase detector, said
P-channel transistor conducting charge to said second
output terminal of said differential charge pump circuit.
and said second N-channel transistor conducting
charge from said second output terminal of said differ-
ential charge pump circuit.

16. A circuit for aligning a phase of a first signal and a

second signal, said circuit comprising:

a phase detector having a first input terminal for receiving
said first signal, a second input terminal for receiving
said second signal, a first output terminal and a second
output terminal, said phase detector receiving said first
signal at said first input terminal and receiving said
second signal at said second input terminal, wherein
said phase detector generates a first output signal on
said first output terminal when said first signal leads
said second signal and a second output signal on said
second output terminal when said first signal lags said
second signal;

a differential charge pump circuit having a first output
terminal and a second output terminal. wherein said
differential charge pump circuit generates at said first
output terminal and said second output terminal a
differential output signal in response to said first and
second output signals of said phase detector;

a differential input voltage-controlled oscillator circuit for
generating an output signal in response to said differ-
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ential output signal from said differential charge pump
circuit, said output signal of said differential input
voltage-controlled oscillator circuit being said second
signal;

a first loop filter coupled to said first output terminal of >

said differential charge pump circuit;

a second loop filter coupled to said second output terminal
of said differential charge pump circuit; and

a common mode bias circuit having a first lead coupled to
said first output terminal of said differential charge
pump circuit and a second lead coupled to said second
output terminal of said differential charge pump circuit.

17. A circuit comprising:

means for generating a differential signal at a first output
terminal and a second output terminal in response to a
phase difference between two oscillating signals;

means for generating an oscillating signal in response to
said differential signal. said means for generating an
oscillating signal coupled to said first output terminal
and said second output terminal of said means for
generating a differential signal; and

means for varying a common mode voltage of said
differential signal. said means for varying coupled to
said first and second output terminals of said means for
generating a differential signal.

18. A method for generating an output signal synchro-
nized in phase with a reference signal, said method com-
prising the steps of:

generating said output signal;

detecting a phase difference between said reference signal

and said output signal;

gencrating a differential signal in response to said phase
ditference;

maintaining a common mode voltage of said differential
signal to be substantially equal to a reference voltage;
and

altering the frequency of said output signal in response to
said differential signal.

19. A circuit for aligning a phase of a first signal and a

second signal comprising:

a differential charge pump circuit having a first input
terminal, a second input terminal, a first output terminal
and a second output terminal. wherein said differential
charge pump circuit generates at said first output ter-
minal and said second output terminal a differential
signal in response to a phase difference between said
first signal and said second signal; and
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a voltage-controlled delay circuit coupled to said first
output terminal and said second output terminal of said

differential charge pump circuit, wherein said voltage-
controlled delay circuit generates said second signal.

20. The circuit recited in claim 19 wherein. said voltage-
controlled delay circuit further comprises a differential input
voltage-to-current converter.

21. The circuit recited in claim 19 further comprising a
phase detector having a first input terminal for receiving said
first signal and a second input terminal for receiving said
second signal., wherein said phase detector generates an

output signal in response to a phase difference between said
first signal and said second signal.

22. The circuit recited in claim 21, wherein said output
sighal of said phase detector includes a pulse having a pulse
width that is a function of a magnitude of said phase
difference. and wherein said phase detector generates said
pulse on a first output terminal of said phase detector when
said first signal leads said second signal and generates said
pulse on a second output terminal of said phase detector
when said first signal lags said second signal.

23. The circuit recited in claim 19 further comprising a
common mode bias circuit coupled to said first output
terminal and said second output terminal of said differential
charge pump circuit.

24. A circuit having a first input terminal and a second
input terminal, said circuit comprising:

a first D flip flop having a RESET lead, an input lead and

an output lead. said input lead of said first D flip flop
coupled to said first input terminal of said circuit;

a second D flip flop having a RESET lead. an input lead
and an output lead. said input lead of said second D flip
flop coupled to said second input terminal of said

CIrcuit;

an AND gate having a first input lead, a second input lead,
and an output lead. said first input lead of said AND
gate coupled to said output lead of said first D flip flop,
said second input lead of said AND gate coupled to said
output lead of said second D flip flop; and

a delay means having an input lead coupled to said output

lead of said AND gate and an output lead coupled to

said RESET leads of said first D flip flop and said
second D flip flop.

wherein said circuit generates an output signal in response

to a phase difference between a first signal detected on
said first input terminal and a second signal detected on
said second input terminal.
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